This paper reports the feasibility of using embedded Fabry-Pé rot fiber optic sensors to detect and monitor the propagation of cracks and delamination within concrete beams induced by corrosion of the reinforcing bars. In this research, four series of reinforced concrete beams were subjected to varying degrees of corrosion-induced damage by modifying the composition of the concrete mix and subjecting all specimens to the same accelerated corrosion environment. The concept employed in this study involves embedding the Fabry-Pé rot sensor between two reinforcing bars to measure the transverse tensile strains associated with the longitudinal crack along the reinforcing bars (and in severe cases, delamination of the concrete beam) resulting from the radial expansion of the corroding rebars. Excellent correlation was obtained between the Fabry-Pé rot strain data and the amount of steel loss resulting from accelerated corrosion. In addition, the optical sensor strain readings and the reductions in the load-carrying and deflection capacities were also observed to exhibit strong positive correlation highlighting the potential of the optical sensor to monitor the progression of the rebar damage and the loss of structural integrity of the beams resulting from the extensive corrosion. The technique used in this study demonstrates the possibility of detecting corrosion-induced damage in reinforced concrete structures, particularly those where visual inspection is not possible.
Introduction
Deterioration of reinforced concrete structures due to reinforcement corrosion has been recognized as a major problem worldwide [1] . The corrosion of a reinforcing bar is accompanied by the production of iron oxides and hydroxides, which occupy a volume larger than the original metal. As a result, a large radial pressure is exerted on the surrounding concrete, which may result in local radial cracks. These cracks can propagate along the bar, producing longitudinal cracks, which can result in severe corrosion problems, leading to general corrosion of the reinforcing bar as the corrosion reaction develops. Consequently, a significant bursting pressure is created by the corroded bar resulting in further cracking in the concrete surrounding the rebar and in extreme cases spalling of the concrete, especially at corner bars [2] . When spalling of the concrete cover occurs, the corrosion process accelerates (corrosion of exposed bars may occur at about ten times the rate at which it occurs at a crack [3] ), and the reinforced member is likely to experience a loss of strength. Large internal cracks forming along the plane of the corroded reinforcing bars may propagate, resulting in extensive delamination in the structure and poses a serious breach of structural integrity [3, 4] . It is therefore of significant importance to be able to detect such types of critical internal damage and to monitor their development accurately in order to obtain reliably quantitative information to guide maintenance and repair effort.
To date, a large number of non-destructive testing techniques have been developed and employed for damage detection and assessment of concrete structures. These include acoustic emission [5] , electromagnetic methods [6] , electrical impact-echo [7] , and ground penetrating radar systems [8] . However, many of these methods suffer from distinct disadvantages such as a lack of portability, susceptibility to electromagnetic interference, the need for a trained operator and the lack of capability for continuous health monitoring.
Conventional devices such as vibrating wire and electrical strain gauges have been demonstrated to exhibit good strain measuring capability, and have been used successfully in structural health monitoring. Vibrating wire strain gauges can be embedded in concrete to measure strain caused by stress variations. The stress can also be evaluated when the concrete's modulus of elasticity is known, taking into consideration thermal, creep and concrete reaction effects. The advantages of the vibrating wire include its long-term reliability for absolute strain measurement and the ability of the frequency signal to be transmitted over long distances. The vibrating wire strain gauge can in principle be used to detect the formation of internal cracks and delamination in concrete. Electrical strain gauges, on the other hand, are not suited for monitoring propagation of internal crack in concrete since the formation of a crack which intersects across these foil sensors would render them unusable. Furthermore, electrical strain gauges require bonding surfaces and therefore cannot be readily embedded in the volume of the concrete mix for detection of cracks and delamination, unless they are bonded to a concrete-embeddable stainless steel body, for example. In addition, these strain gauges are susceptible to long-term signal drift and the signal can only be transmitted over short distances.
In recent years, the use of optical fibre sensors for health monitoring of concrete structures has been a subject of intense research for monitoring corrosion, strain, displacement, opening of microcracks and detection of cracks in concrete beams [9] [10] [11] [12] [13] [14] [15] [16] . These studies, employing a variety of optical fiber sensors including fiber optic spectroscopy [9] , fibre Bragg gratings [10] [11] [12] , Fabry-Pe´rot [13, 14] , and intensity-based optical fiber sensors [15, 16] provide a clear demonstration of the potential of optical fibre sensor technology for structural health monitoring of civil engineering structures. Comprehensive review articles on the application of optical fiber sensors for civil engineering structures can be found in references [17] [18] [19] . The advantages offered by optical fibre sensors are well known and for civil engineering applications these include their small size, immunity to electromagnetic fields (resulting from lightning storms, power lines), excellent sensitivity, corrosion resistance, potential for multiplexing, and their capability for continuous real-time remote sensing.
In this paper, concrete-embeddable FabryPe´rot interferometric sensors have been selected to assess their feasibility for monitoring corrosion-induced damage in reinforced concrete beams. Although, the capability of Fabry-Pe´rot sensors have been demonstrated for internal strain measurement in concrete specimens by other workers [13] , this paper presents a novel application of the Fabry-Pe´rot sensor to monitor corrosion-induced longitudinal and splitting cracks/delamination along the plane of the reinforcing bars in concrete beams subjected to an accelerated corrosion environment.
Four series of reinforced concrete (RC) beams were subjected to varying degrees of corrosion-induced damage by varying the composition of the concrete mix and subjecting all specimens to the same accelerated corrosion environment. With the use of a concrete-embeddable fiber optic strain sensor (FOSS), the tendency of the concrete cover to delaminate due to reinforcement corrosion was monitored. The use of fiber optic sensing technology in this manner provides an additional means of monitoring corrosion-induced damage in RC structures where visual inspection is not possible.
Experimental Program
Four series of reinforced concrete beams were cast in this investigation. Each series consisted of two identical beams. The composition of the concrete mix for the four series was varied by introducing supplementary cementing materials (SCM) such as silica fume (SF), slag (SG), and fly ash (FA) used as partial replacement of ordinary Portland cement (OPC) in the concrete. These different concrete mixes were used to create varying tendencies for the concrete cover to delaminate due to reinforcement corrosion.
Beams cast using OPC, SF, SG, and FA concrete were designated as series 1,2,3, and 4, respectively as shown in Table 1 . In each series, one specimen was subjected to accelerated corrosion while the second was kept as control in order to compare its load-deflection behavior with the corroded specimen. Corrosion in the concrete beams was evaluated by measuring the corrosion current throughout the accelerated corrosion test. In addition, the size and location of cracks were monitored visually and sketched on paper as they appeared. A fiber optic strain sensor was used in each corroded beam to measure the corrosioninduced tensile strains of the concrete at the level of tensile steel reinforcement and the tendency of the concrete cover to delaminate. A detailed test plan is given in Table 1 .
Materials
The concrete mix proportions used in this experimental program are given in Table 2 . Mix 1 is the control concrete with 100% ordinary Portland cement and a water-to-binder (W/B) ratio of 0.42. This mix satisfies the ACI requirements for corrosion protection of reinforcement in concrete exposed to chlorides. In Mix 2, 10% of the cement was replaced by silica fume. In Mix 3 and Mix 4, 50% of the cement was replaced by slag and fly ash, respectively. The water-to- binder ratio was kept constant at 0.42 for all concrete mixes. A summary of the material properties is given in Table 3 for the different concrete mixes. The measured yield strength, ultimate strength, and modulus of the 16 mmdiameter longitudinal steel bars were 472 MPa, 571 MPa, and 200 GPa, respectively, while those of the 6 mm-diameter steel stirrups were 366 MPa, 495 MPa, and 211 GPa, respectively.
Specimen Fabrication
All reinforced concrete beams were 2.5 m in length and had identical cross sections measuring 300 Â 210 mm ( Figure 1 ). The longitudinal reinforcements consisted of 3-16 mm diameter deformed bars in the tension zone and 2-13 mm diameter deformed bars in the compression zone, corresponding to reinforcement ratios of 1% tensile and 0.4% compressive. Shear reinforcement consisted of 6 mm plane bar stirrups spaced at 80 mm c/c in the shear span and 120 mm c/c in the constant moment region. The optical fiber sensors were installed in beams B1C, B2C, B3C, and B4C which were subjected to accelerated corrosion. In each beam, one optical fiber sensor was placed vertically between two longitudinal bars at the mid-span as shown in Figure 1 . Sufficient care was taken during casting in order to avoid any possible damage to the optical fiber sensor during vibration. After casting, all specimens were wet cured for 28 days.
Accelerated Corrosion and Monitoring System
Four beams (B1C, B2C, B3C, and B4C) were subjected to an electrochemical accelerated corrosion environment achieved by subjecting the specimens to cyclic wetting and drying (3.5 days wetting and 3.5 days drying) using water containing 3% (by weight) sodium chloride and impressing a current using a fixed electrical potential applied across an internal anode (the steel reinforcement) and an external cathode built from a 3 mm-diameter wire mesh with 15 mm square openings. The applied potential and resulting current values were automatically recorded using a data acquisition system and a personal computer. The measured current was used to estimate the mass of steel loss resulting from corrosion based on Faraday's law [20] :
where Áw is the mass of steel loss (grams), I is the corrosion current (amperes), t is time (seconds), F is the Faraday's constant (96,500 amperes seconds), Z is the valency of Fe (2), and M is its atomic mass (56 grams/mole).
Monitoring Corrosion Damage Using Concrete-Embeddable
Fiber Optic Sensor Figure 2 shows a photograph of the embedded fiber optic sensor used in this study. A FabryPe´rot type sensor was chosen in this research because of its ability to provide stable absolute measurement of strain over an extended period of testing as well as its insensitivity to transverse loads [21] . The sensor, which relies on an extrinsic white-light interferometry principle, consists of two semi-reflective multi-mode optical fibers separated by a gap which varies with applied longitudinal strain. The Fabry-Pe´rot sensor was fused bonded to the internal surface of a stainless steel tube (this represents the gauge length of the sensor). The stainless steel tube was supplied with two flanges at both ends to ensure optimal adherence of the sensor to the concrete host in the event of tensile loading induced by longitudinal crack or delamination. A white light source was used to illuminate the sensor and the reflected signal was directed through a Fizeau interferometer arrangement where a linear photodiode array was employed to determine the precise distance of the gap between the two end faces of the optical fiber thereby allowing calculation of the absolute strain experienced by the sensor (given a fixed gauge length). Addressing the concern over the effect of the embedded sensor on the local strain within the concrete host, results of numerical simulations performed by Quirion and Ballivy [21] indicated that the presence of the sensor in the concrete exhibited negligible influence on the local strain field near the center of the stainless steel tube where the Fabry-Pe´rot sensor was located. In order to monitor the corrosion-induced tensile strain in the concrete, the optical fiber sensor was positioned perpendicular to the plane of the reinforcing bars (where delamination/splitting cracks were expected to occur) within the concrete host as shown schematically in Figure 3 . The exit ends of the fiber optic cables were connected to an eight-channel portable reading unit where the data from all channels were read simultaneously throughout the accelerated corrosion period and recorded via an accompanying data acquisition software.
Results and Discussions

Corrosion Currents and Steel Losses
All SCM-modified concrete beams showed better corrosion resistance (as indicated by the lower corrosion current and visual inspection of damage), than the OPC concrete beam. Table 4 shows the average corrosion current for all four beams that were subjected to accelerated corrosion. It is evident from the table that the OPC concrete beam attained the highest measured current relative to the rest of the specimens. In contrast, the FA concrete specimen exhibited the lowest measured current indicating the highest resistance to corrosion. Figure 4 shows the cumulative steel loss for all beams under accelerated corrosion. It is evident that the amount of steel loss is the highest in the OPC concrete beam. The OPC specimen lost approximately 9.7% of its internal steel reinforcement in 74 days. At the same age, the SF, SG, and FA concrete beams lost approximately 7.0%, 4.6%, and 3.3% of their internal steel reinforcement, respectively (see Table 4 ). It is clear from these results that the FA concrete beam showed the least amount of steel loss during the accelerated corrosion test. 
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Corrosioninduced crack Figure 3 The concept of using concrete-embeddable Fabry-Pé rot sensor to detect and monitor corrosioninduced damage. Figure 5 shows the variation of concrete strain as measured by the FOSS over time. The initial 20 or so days exhibited no significant change of strain in all four beams. After that, strains in the four beams started to slowly increase with time.
Analysis of Optical Fiber Sensor Readings
Following day 34 and day 37, the optical fiber sensors in the OPC and SF concrete beam, respectively, showed a sudden increase of strain. In both beams, longitudinal cracks along the plane of the tension steel reinforcement have been detected on day 30. Once a crack parallel to the reinforcing bar forms due to corrosion, its width starts to increase with time allowing more aggressive substances and oxygen to reach the steel reinforcement which leads to further acceleration of the corrosion reaction and the associated corrosion damage. It is therefore believed that the sudden increase of strain observed in the OPC and SF concrete beams is associated with further acceleration of the corrosion reaction due to the formation of longitudinal cracks. The optical fiber results are, therefore, encouraging and clearly suggest that this technique offers the potential for detecting and monitoring corrosioninduced cracks in concrete.
As the crack width continued to increase with time, corrosion products were released to the exterior resulting in the loss of bursting pressure which developed during the initial stage of the corrosion process. Based on the observation of the optical fiber strain readings in both the OPC and the SF concrete beams, it may be suggested that this loss of bursting pressure began after approximately 42 days where a declining FOSS strain rate was noted.
In the SG and FA concrete beams, the highest FOSS strains measured were approximately 288 and 185 microstrains, respectively. No sudden increase in strain as observed in the OPC and SF concrete beams occurred in either of the SG and FA beams. This may be expected since steel loss in these beams were minimal compared to the OPC and SF concrete beams.
The FOSS strain readings were plotted against the cumulative steel loss for all specimens as shown in Figure 6 . The figure highlights that in each specimen, the optical sensor exhibited the potential to monitor the corrosion-induced tensile strain associated with the opening of the longitudinal crack or delamination as the corrosion cycle progressed. When the maximum FOSS strain reading was plotted against the total amount of steel loss in each specimen as shown in Figure 7 , it is evident that a strong correlation exists, clearly demonstrating the potential of the technique used in this research. Visual inspection of the extent of cracks in each specimen, as will be shown in the following section later, provides further evidence that in specimens exhibiting higher FOSS strain readings, the degree of damage (this being generally proportional to the amount of steel loss) was observed to be relatively more extensive.
Crack Mapping
Throughout the accelerated corrosion process, the size and location of cracks were sketched on paper as they appeared (Figure 8 ). In every case, longitudinal cracks formed on both sides of the beam along the tension reinforcement followed by some branch cracks. Cracks along the stirrups were also noticed in the bottom half of the beam where cracking was generally most extensive. In the OPC concrete beam, more cracks were observed than in any of the other beams. This is probably the result of higher steel loss that occurred in this beam compared to the rest of the specimens. In the SF concrete beam, the observed number of cracks was higher than those in the SG and FA concrete beams, where cracks formed only after about 45 and 60 days, respectively. At the end of the accelerated corrosion test, the width of the longitudinal cracks in the OPC, SF, SG, and FA concrete beams were found to be equal to 0.33, 0.25, 0.10, and 0.11 m, respectively. Comparing the optical fiber sensor results given in Figure 5 and the crack progression map in Figure 8 , it is encouraging to observe that the FOS sensors started to show a higher rate of strain increase only few days after cracks were formed in all specimens. In the case of the OPC and SF beams, it can be seen that the increase in the optical fiber strain readings (associated with the corrosion-induced tensile stresses) occurred approximately around day 35, this being consistent with the crack information shown in Figure 8 . Although the optical fiber data for the SG and FA beams did not show the distinctive change in strain response observed in the former beams, it is clear that a higher rate of strain increase began to develop between day 50 and 60. Again, this observation agrees reasonably well with the crack information in Figures 8 (c) and (d) where the cracks were observed on the surfaces of the SG and FA beams following day 45 and 60, respectively.
Mechanical Testing of Beams
All corroded and un-corroded beams were tested under a four-point loading configuration at a loading rate of 0.015 mm/sec using a universal testing machine with a maximum capacity of 500 kN. A total of three linear variable displacement transducers (LVDTs) were used to measure the midspan and the load-line deflections of the beams during testing. Testing was terminated when the concrete in the extreme compression fiber started to crush.
The load-deflection responses for all corroded and un-corroded reinforced concrete beams are shown in Figure 9 and summarized in Table 4 . Figure 9 (a) shows the load-deflection curves for the corroded and un-corroded OPC concrete beams. As shown in Table 4 , the corroded beam lost approximately 13.2% of its load-carrying capacity and 22.6% of its deflection capacity. Upon reaching the yield load in the corroded specimen, a longitudinal crack which had originally formed during the accelerated corrosion test, continued to increase in width with load. That led to slight delamination of the concrete cover upon reaching the peak load (Figures 10 (a) and (b)). After structural testing, part of the concrete cover in the corroded OPC concrete beam was removed to expose the reinforcing bars and the stirrups to allow visual examination of the extent and the uniformity of the steel loss ( Figure  10 (c) ). The examination revealed a fairly uniform loss of steel along the longitudinal and the transverse reinforcement. Few spots of pitting corrosion have also been observed on both the longitudinal and the transverse reinforcements. In the case of the SF concrete beam, the corroded specimen lost approximately 9% of its load-carrying capacity and 16% of its deflection capacity. In the corroded SF concrete beam, a corrosion-induced crack also started to open upon reaching the yield load. However, the crack width remained small and no delamination of the concrete cover was noticed in this case.
In the case of the SG concrete beam, the corroded specimen lost 5.1% of its load-carrying capacity and 17.8% of its deflection capacity. On the other hand, the corroded FA concrete beam lost only 3.2% of its load-carrying capacity and 7.5% of its deflection capacity. Based on the cracking patterns, no delamination was observed during structural testing in both the corroded and un-corroded SG and FA concrete beams, no delamination was observed. Moreover, the cracking patterns after mechanical testing in both the corroded and un-corroded beams were almost similar. This is reasonable as the extent of corrosion damage in both beams was very minimal. Using data from all four series of specimens, correlations between the FOSS readings and the reductions in the load-carrying and deflection capacities were established as shown in Figure 11 . The figure clearly indicates a strong correlation between the loss in load-carrying and deflection capacities and the increase in FOSS strain readings (except for one data point corresponding to the reduction of the deflection capacity of the SG concrete beam which deviates from the general trend set by the data points for FA, SF, and OPC concrete beams). These trends are consistent with those shown in Figure 7 where it was shown that higher FOSS strain readings were associated with higher steel losses. Figure 11 can be used as a calibration plot, where residual load-carrying and deflection capacities of a member can be inferred from FOSS strain readings.
Concrete is known to be weak in tension and corrosion products require about 2-3 times the volume of the original steel lost to corrosion [3] . This means that in a corroded RC beam, in addition to the loss of steel section, corrosioninduced cracks will develop leading to, among other things, delamination and loss of bond between the concrete and the steel rebar [22] . As a result, the beam is likely to experience a loss in not only the load-carrying capacity but also the deflection capacity. Monitoring corrosion-induced damage is therefore important not only for the timely repair and strengthening of corrosiondamaged members but also for preventing possible structural failure.
Conclusions
The feasibility of using fiber optic sensing technology for monitoring corrosion-induced damage in RC beams was experimentally studied. A concrete-embeddable fiber optic strain sensor based on the extrinsic Fabry-Pe´rot configuration was used to monitor the corrosion-induced tensile strain in the concrete perpendicular to the plane of the reinforcing steel bars where splitting cracks/delamination were likely to occur.
A correlation between the FOSS strain readings and the amount of steel loss due to accelerated corrosion was established and shown that the technique used in this study offers potential for monitoring corrosion-induced damage. It was also highlighted that a good agreement was achieved between the optical fiber sensor strain readings and the visual observation of cracks formation in all the beams. Strong correlations between the FOSS strain and the reduction in the load-carrying and deflection capacities were also presented, highlighting the possibility of inferring the residual load-carrying and deflection capabilities of corroded structural members by analyzing the FOSS strain readings. The research findings reported herein clearly demonstrate the feasibility of the proposed technique as an additional approach to monitoring corrosion-induced damage in reinforced concrete structures where visual inspection is not possible.
From the sensor survivability point of view, it is encouraging to note that the optical fiber sensor has exhibited excellent durability throughout the process of specimen fabrication and environmental and mechanical testing without obvious loss of functionality. However, the durability of the fiber sensor units under a series of long-term environmental testing deserves further evaluation in order to fully characterize their ability to sustain extended periods of harsh field loading. 
